There is a need to evaluate the salt tolerance of plant species that can be cultivated as crops under saline conditions. Crambe maritima is a coastal plant, usually occurring on the driftline, with potential use as a vegetable crop. The aim of this experiment was to determine the growth response of Crambe maritima to various levels of airborne and soil-borne salinity and the ecophysiological mechanisms underlying these responses. † Methods In the greenhouse, plants were exposed to salt spray (400 mM NaCl) as well as to various levels of root-zone salinity (RZS) of 0, 50, 100, 200 and 300 mM NaCl during 40 d. The salt tolerance of Crambe maritima was assessed by the relative growth rate (RGR) and its components. To study possible salinity effects on the tissue and cellular level, the leaf succulence, tissue Na + concentrations, Na + : K + ratio, net K + /Na + selectivity, N, P, K + , Ca 2+ , Mg 2+ , proline, soluble sugar concentrations, osmotic potential, total phenolics and antioxidant capacity were measured. † Key Results Salt spray did not affect the RGR of Crambe maritima. However, leaf thickness and leaf succulence increased with salt spray. Root zone salinities up to 100 mM NaCl did not affect growth. However, at 200 mM NaCl RZS the RGR was reduced by 41 % compared with the control and by 56 % at 300 mM NaCl RZS. The reduced RGR with increasing RZS was largely due to the reduced specific leaf area, which was caused by increased leaf succulence as well as by increased leaf dry matter content. No changes in unit leaf rate were observed but increased RZS resulted in increased Na + and proline concentrations, reduced K + , Ca 2+ and Mg 2+ concentrations, lower osmotic potential and increased antioxidant capacity. Proline concentrations of the leaves correlated strongly (r ¼ 0 . 95) with RZS concentrations and not with plant growth. † Conclusions Based on its growth response, Crambe maritima can be classified as a salt spray tolerant plant that is sensitive to root zone salinities exceeding 100 mM NaCl.
INTRODUCTION
While fresh water is already a scarce resource in many countries, water shortage will increase in the near future, mainly due to the growing world population and rising prosperity (FAO, 2004; FAO and IFAD, 2006; Alcamo et al., 2007) . Irrigation represents about 70 % of all water uses at present, but domestic use will claim an increasing part, resulting in lower fresh-water availability for agriculture (FAO and IFAD, 2006; Alcamo et al., 2007) . Together with the ongoing global salinization, with 7 % of the world's total land area affected by salt and about 20 % of the irrigated land affected (Szabolcs, 1994; Yeo, 1999; Smedema and Shiati, 2002) , this emphasizes the importance of exploring the use of brackish water and seawater for agricultural purposes (Rozema and Flowers, 2008) . A promising approach is the domestication of halophytes to be used as salt-tolerant crops to adapt to the global salinity problem (Glenn et al., 1999; Lieth et al., 1999) .
Crambe maritima or seakale, belonging to the Brassicaceae family, is such a potential salt-tolerant crop. It has been known as an edible plant for at least 300 years (Horwood, 1919) . It is a long-lived perennial herb with an extensive, deep root system (up to 200 cm) and an underground stem resembling a tap root (Scott and Randall, 1976) , referred to as tap root from here on in (for more details, see Péron, 1990) . Leaves are covered with a thick waxy layer, which acts as an efficient water-repellent (Scott and Randall, 1976) . At the end of the growing season the leaves and inflorescences die off, leaving only the underground root system and the leafless bud or tap root during the winter. When C. maritima is grown as a vegetable crop, etiolated sprouts are grown from this tap root, which are regarded as a highly prized and tasty vegetable (Péron, 1990; Briard et al., 2002) .
Crambe maritima is mostly confined to coastal habitats with well-drained soils in north-west Europe (Clapham et al., 1962; Scott and Randall, 1976) , a habitat occupied by only a few species. This is ascribed to considerable levels of airborne (Wells and Shunk, 1938; Rozema et al., 1982) and soil-borne salinity (Lee and Ignaciuk, 1985; Barbour et al., 1985) , high substrate mobility, sand blasting and burial, low water-holding capacity and a low nutrient status of the substrate, except in the vicinity of detrital deposits (Boyce, 1954; Lee et al., 1983; Pakeman, 1990) . This environmental variability of the habitat possibly explains the recorded variability in germination (Baron and Binet, 1964; Walmsley and Davy, 1997; Fusheng et al., 1998) and the great phenotypic and genetic variability within and between populations of C. maritima (Briard et al., 2002) . Shingle beaches seem to be the preferred habitat of C. maritima (Scott and Randall, 1976) . In The Netherlands establishment only occurred after construction of the basalt-stone sea dikes in the 1950s (Mennema et al., 1985) . These dikes resemble an artificial pebble beach habitat. Since that time an explosive extension of C. maritima has been recorded, with the majority of the findings occurring on sea dikes (Mennema et al., 1985; Van der Meijden, 2005) . Crambe maritima often occurs on the driftline (Clapham et al., 1962; Scott and Randall, 1976) .
Plant species that occur on the driftline have rarely been evaluated for their salt tolerance and potential for saline agriculture. The driftline, or strandline, is the line immediately above high water and is characterized by deposition of drift material. This line is out of reach of the average high tide, but equinoctial tides or storms can increase soil salinity to a level that will affect the growth of most plant species (Ignaciuk and Lee, 1980; Barbour et al., 1985; Erickson and Young, 1995) . The soil at this leading edge of the vegetation generally contains higher concentrations of salt than does soil further inland (De Jong, 1979; Greaver and Sternberg, 2007) . So although C. maritima usually grows on well-drained soils where the salts can readily pass through the root zone, soil salinity levels can be elevated periodically and possibly it is able to cope with saline conditions in the root zone during such periods.
Salt spray is an important natural selective abiotic factor on coastal plant communities (Wells and Shunk, 1938; Boyce, 1954; Barbour, 1978; Rozema et al., 1982 Rozema et al., , 1983 . Different levels of salt-spray tolerance can result in vegetation zonation; plants adapted to salt spray grow close to the ocean and are replaced by less salt-resistant plants further inland (Oosting and Billings, 1942; Oosting, 1945; Barbour, 1978; Yura, 1997 (Barbour, 1978; Griffiths, 2006) . The salt may enter the aerial organs of the plants, especially where small surface injuries are present (Boyce, 1954) , where it can disrupt the water balance of plants (Munns, 1993) , causes necrosis or loss of leaves (Karschon, 1958) and leads to growth reduction (Tominaga et al., 1991) . Because C. maritima grows close to the ocean, where it is exposed to considerable salt spray levels, it is expected to be adapted to salt spray. The salt tolerance of a plant species is usually determined by assessing their growth performance under soil-borne salinity (Maas and Hoffman, 1977; Breckle, 2002) . To understand the underlying principles of the salt tolerance of a given species, it is necessary to unravel the plant response on the cellular, tissue and whole-plant level (Flowers et al., 1977; Mansour, 2000; Flowers, 2004; Munns and Tester, 2008) . The mechanisms of salt tolerance are many and plants growing naturally on saline soils have evolved various mechanisms to cope with salinity (Flowers et al., 1977; Zhu, 2001; Munns, 2001; Munns et al., 2002; Breckle, 2002; Ashraf and Harris, 2004; Parida and Das, 2005) . In general, the tolerance of all halophytes to ionic as well as osmotic stress relies on controlled uptake, increased extrusion and compartmentalization of salts (Flowers et al., 1977; Zhu, 2001; Flowers and Colmer, 2008) . The initial growth reduction is caused by the osmotic effect of salt outside the roots, and the subsequent growth reduction due to ionic stress is caused by the inability to prevent salt from reaching toxic levels in the transpiring leaves (Munns, 2005) . As a consequence of these primary effects, secondary stresses such as oxidative damage and nutritional imbalance often occur (Zhu, 2001) , also affecting plant growth. Halophytes, defined as plants that survive to reproduce in environments where the salt concentration is around 200 mM NaCl or more (Flowers and Colmer, 2008) , are adapted to cope with these potential stresses on the whole plant, tissue and cellular level.
The objective of this study was to determine the effect of airborne and soil-borne salinity on the growth of C. maritima and to obtain an insight in the morphological and physiological adaptations underlying these growth responses. The species studied is a coastal plant and a potential crop for saline agriculture. In a first experiment, seedlings were exposed to salt spray to determine the effect of airborne salinity on plant growth and leaf thickness. In a second experiment, plants were exposed to airborne as well as soil-borne salinity and various responses at the whole plant and tissue levels were studied.
MATERIALS AND METHODS

Salt-spray experiment
Seeds of Crambe maritima were collected in Normandy, France in 2005 and stored dry at room temperature. Seeds were germinated in March 2006 on peat soil (seed plot soil; Jongkind, Aalsmeer, The Netherlands) and transplanted to individual pots also containing peat soil ( potting soil No. 5; Jongkind). Seedlings were randomly assigned to either the salt-spray treatment or the control treatment. The experiment was initiated 4 weeks after germination started, with one group sprayed with seawater with a concentration of 400 mM NaCl [measured as electrical conductivity (dS m 21 ) and calculated as mM NaCl by means of a calibration curve] collected prior to the experiment at Zandvoort, The Netherlands (52823 ′ N 4832 ′ E) and one group sprayed with demineralized water as a control. Plants were sprayed with a fine mist of seawater four times per day, which equalled on average 160 mg NaCl dm 22 leaf area d
21
, the controls were similarly sprayed four times per day with demineralized water. Plants were sprayed every 2 . 5 h between 0900 h and 1630 h. Plants were not sprayed at the weekend or during the holidays. Leaf length, number of leaves and leaf thickness were measured 8 weeks after germination, corresponding to 19 d of actual saltspray treatment. These measurements were repeated 13 weeks after germination, corresponding to 45 d of actual salt spray. In addition, 11 weeks after germination with 34 d of salt spray the leaf thickness of the second youngest leaf was measured and harvested to obtain fresh weight and leaf area to calculate leaf succulence expressed as L FW /L A . The thickness of each leaf was measured manually between the veins at the tip of 
Salt-tolerance experiment
Seeds were collected in September 2007 from a large population of C. maritima located on the Afsluitdijk (52858 ′ N 5806 ′ E) in The Netherlands, and stored dry at room temperature. Prior to germination seeds were placed on moist vermiculite in a closed plastic bag for 58 d at 5 8C to break any potential dormancy and obtain uniform germination. After removal of the pericarp, seeds were placed on a Petri dish with filter paper (Whatman Grade 597) saturated with demineralized water for germination, which was defined by a visible, emerging radicle. Seeds that germinated within 9 d were transplanted into 4-L polyethylene pots filled with 2 -5 mm gravel, after which seedlings were allowed to grow for another 17 d. After this period only plants with a visible, second true leaf (,2 cm in length) were used for the experiment so that the initial population was as uniform as possible. Plants were randomly divided into seven treatment groups consisting of five different root-zone salinity (RZS) treatments (0, 50, 100, 200 and 300 mM NaCl added to the nutrient solution), one salt-spray treatment (root zone with 0 mM NaCl) which was sprayed twice a day with seawater (similar to the salt-spray experiment) with an average of 80 mg NaCl dm , and one control treatment sprayed with demineralized water as a control. The effects of salt spray and RZS were analysed separately. The initial harvest consisted of five plants per treatment group just before salt addition started, 26 d after initial germination. This initial harvest was used to test for uniformity of the population at the start of the experiment and for calculations of relative growth rate (RGR). Plants were sprayed at 1000 h and 1600 h. Plants were not sprayed at the weekend or during holidays. Each pot contained one plant. Salt concentration was increased stepwise (50 mM NaCl per day) to avoid an osmotic shock. Plants were grown in a closed gravel/hydroponic system (Koyro, 2003) , which was set up in a randomized block design (randomized weekly). . Leaves were separated into old and new leaves, with the first two true leaves as the old leaves and from the third true leaf onwards as new leaves. Directly after measuring leaf area, the leaves were frozen in liquid nitrogen and freeze-dried for 1 week. The rest of the plant material was oven-dried at 70 8C for 48 h. Dried plant material was ground to a fine powder using a ball-mill (MM200; Retsch GmbH, Haan, Germany). The freeze-dried leaves were used to analyse nutrient composition, total phenolics, antioxidant capacity, proline and soluble sugars. Roots were analysed for nutrient composition only.
Measurement of morphological parameters and RGR
The growth performance of C. maritima under airborne and soil-borne salinity was used to evaluate the salt tolerance. The specific leaf area (SLA), LWF, leaf succulence, leaf dry matter content (LDMC) and leaf water content (LWC) were determined to study the possible morphological adaptations. The RGR and the components unit leaf rate (ULR), LWF and SLA were estimated according to Hunt et al. (2002) :
where D refers to the difference between values at the final and initial harvest, t is the salt treatment duration (days), W is the whole plant dry weight (g), L DW is the total leaf dry weight (g), and (log e )L A is the (natural logarithmic) value of leaf area (cm 2 ). The components leaf density (L D ) and leaf thickness (L Th ) increase linearly with the inverse of SLA (Poorter and Garnier, 2007) :
Leaf density was estimated by calculating LDMC because L D ≈ LDMC (Garnier and Laurent, 1994; Wilson et al., 1999) , and LDMC ¼ L DW /L FW (Garnier et al., 2001) , with L DW as leaf dry weight (g) and L FW as leaf fresh weight (g). Leaf thickness (L Th ) can be estimated as:
according to Vile et al. (2005) . This leaf thickness can also be expressed as leaf succulence because (
and L FW /L A is often used as an estimate of leaf succulence (Jennings, 1976; Agarie et al., 2007) . In this paper, leaf succulence is calculated as
with L FW as leaf fresh weight (g) and L A as leaf area (cm Leaf water content was estimated according to the commonly used formula
with L FW as leaf fresh weight (g) and L DW as leaf dry weight (g).
Nutrient composition
Total C and N concentrations were determined by dry combustion with an elemental analyser (Perkin Elmer 2400 Series II; Wellesley, MA, USA). Samples for measuring total P, Ca 2+ , Mg
2+
, Na + and K + were prepared by digesting 100 mg plant material in 2 mL 37 % (v/v) HCl : 65 % (v/v) HNO 3 (1/4, v/v) in a Teflon cylinder for 6 h at 140 8C, after which the volume was adjusted to 10 mL with demineralized water. Total P concentrations of the samples were determined using molybdenum blue as reagent, measured at 880 nm on a spectrophotometer (Shimadzu UV-1601PC, Japan) (Murphy and Riley, 1962) . The Ca 2+ , Mg
, Na + and K + concentrations were determined on a flame atomic absorption spectrophotometer (Perkin-Elmer 1100B; Perkin Elmer Inc., Waltham, MA, USA). Chloride was measured only in the supernatant of the extract of the osmotic potential, with a Sherwood Chloride Analyser 926 (Sherwood Scientific Ltd, Cambridge, UK). Samples were measured in duplicate. The net selectivity of ion accumulation for K + over Na + was estimated from ion contents using the commonly used formula
Osmolality and osmotic potential Plant samples were frozen and stored at 218 8C directly after harvest. Leaf discs were collected from the centre parts of fresh leaves of the whole plant, the frozen plant tissues were put into a syringe to thaw after which leaf sap was extracted. Of the supernatant, 10 mL were utilized to determine osmolality. Osmolality was measured using a vapour pressure osmometer (5500; Wescor Inc., Logan, UT, USA). Samples were measured in duplicate. The osmotic potential was determined according to the Van't Hoff equation:
Ion contribution to plant osmotic potential was determined according to the Van't Hoff relationship:
with C ¼ molarity of the solution (mol of solute kg 21 H 2 O), R ¼ gas constant (0 . 00831 kg mol 21 K
21
) and T ¼ temperature (in K).
Soluble sugars
Soluble sugars were determined according to the anthrone method (Yemm and Willis, 1954) . For this, 40 mg plant material was mixed with 5 mL 80 % ethanol and centrifuged at 4000 g for 10 min. This was repeated twice and the supernatants were combined and demineralized water was added to a total volume of 25 mL. Of this, 250 mL was added to 2 . 5 mL anthrone reagent (400 mg anthrone in 6 mL 96 % ethanol, 60 mL demineralized water and 200 mL concentrated H 2 SO 4 ). Samples were placed in a water bath for 7 min at 100 8C. After the samples cooled down to room temperature the absorbance was measured at 625 nm using a spectrophotometer (UV-1601PC; Shimadzu, Kyoto, Japan). Sucrose was used to make the standard curve and results are expressed in mmol equivalent sucrose g 21 d. wt. Samples were measured in triplicate.
Proline
The proline content was measured according to the method of Bates et al. (1973) . Approximately 20 mg plant material was mixed with 2 mL 3 % sulfosalicylic acid and centrifuged for 10 min at 4000 g. Of the supernatant, 0 . 5 mL was mixed with 0 . 5 mL ninhydrine reagent and 0 . 5 mL glacial acetic acid, and placed in a water bath for 1 h at 100 8C. After termination of the reaction in ice water, 1 . 0 mL toluene was added to extract the reaction mixture. The absorbance was measured at 520 nm using a spectrophotometer (LKB-Ultrospec3; Pharmacia, Cambridge, UK). Proline was used to make the standard curve and results are expressed in mmol proline g 21 d. wt. Samples were measured in triplicate.
Total phenolics
The amount of total phenolics in the leaf tissue was determined by means of the Folin-Ciocalteu method (Waterman and Mole, 1994) . The phenolic compounds were extracted by mixing 30 mg plant material with 5 mL 50 % methanol, placed in a water bath for 1 h at 40 8C and centrifuged at 4000 g for 5 min. Of this, 100 mL were mixed with 3 . 90 mL demineralized water and 250 of mL reagent were added. After 8 min 750 mL of sodium bicarbonate solution were added to stop the reaction. After 1 h the absorbance was measured at 760 nm using a spectrophotometer (UV-1601PC; Shimadzu). Tannic acid was used as a standard and results are expressed in mg equivalent tanin g 21 d. wt. Samples were measured in duplicate.
Antioxidant capacity
Total antioxidant capacity was measured according to Re et al. (1999) . For this method the preformed radical monocation of 2,2 ′ -azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS + ) is generated by oxidation of ABTS with potassium persulfate and is reduced in the presence of both lipophilic and hydrophilic antioxidants. This results in a decolorization which can be measured using a spectrophotometer. The extraction was made by mixing 30 mg plant material with 5 mL of 50 % methanol, placed in a water bath for 1 h at 40 8C and centrifuged at 4000 g for 5 min. Of the supernatant 30 mL was mixed with 2970 mL of diluted ABTS + reagent. After 30 min the absorbance was measured at 734 nm using a spectrophotometer (UV-1601PC; Shimadzu). Trolox was used as a standard and results are expressed in mg trolox equivalent 
Statistical analysis
Data were analysed using the statistical program SPSS 15 . 0 for Windows (SPSS Inc., Chicago, IL, USA). Prior to statistical analysis, normality and homogeneity assumptions of the test were checked both by visual inspection of the residuals for undesired patterns and by Levene's test for homogeneity of variances. One-way ANOVAs were performed to test for differences between salt treatments for the different parameters. When necessary, values were log-transformed prior to analysis or evaluated by nonparametric tests. When significant differences between means were found, Tukey's multiple range test was used to perform post hoc pair-wise comparisons between individual treatments. Linear regression was used to test for relationships between variables. Possible significant differences between treatments in leaf thickness in time and within treatments between old and new leaf Na + concentrations of the plant were evaluated by repeated measures ANOVA with Bonferroni adjusted pair-wise comparisons. In the salt-tolerance experiment the effects of salt spray and RZS were analysed separately as well as all treatments together which gave similar results. To obtain normality and homogeneity of the Na + concentration of roots, old and new leaves, only differences between salt-exposed treatments were evaluated in the statistical analysis.
RESULTS
Salt-spray experiment
Leaf length and number of leaves per plant of 8-week-old and 13-week-old plants were not affected during 19 d or 45 d of salt spray, respectively (Table 1 ). The differences in number of leaves and leaf length between week 8 and week 13 were minimal, indicating that growth in the first 8 weeks was greater than that in weeks 8 -13. Mean leaf thickness of the salt spray plants showed a significant increase in week 8, week 11 and week 13 as compared with the control treatment. A repeated measures ANOVA showed that there was no significant difference in leaf thickness for weeks 8, 11 and 13 (F ¼ 0 . 004, P ¼ 0 . 996) as a result of salt spray.
The second youngest leaf was a good indicator for whole plant leaf thickness because this leaf thickness in week 11 did not significantly differ from the whole plant leaf thickness in weeks 8 and 13. There was a strong positive relationship between leaf thickness and leaf succulence, with leaf thickness ¼ 0 . 137 + 0 . 641 × leaf succulence + 0 . 085 s.e., with r ¼ 0 . 77, F ¼ 85 . 4, P , 0 . 001, n ¼ 61. Although mean leaf thickness showed a significant increase compared with the control in weeks 8, 11 and 13, this was only in the order of 15 %, 18 % and 12 %, respectively.
Salt-tolerance experiment
Growth. Cold stratification at 5 8C for 58 d resulted in the germination of 41 + 2 % (mean + s.e., n ¼ 26 with 20 seeds per Petri dish as n) seeds within 9 d, of which 71 + 3 % germinated in the last 3 d. The initial harvest prior to salt addition showed no significant differences between treatment groups (one-way ANOVA; F ¼ 0 . 64, P ¼ 0 . 70), demonstrating the uniformity of the population at the start of the experiment. The results of the final harvest of the 8-week-old plants, with either 20 d of actual salt-spray treatment or 40 d of RZS treatment, are listed in Fig. 1 . The whole-plant dry-weight production (Fig. 1A) of the salt-spray treated plants showed no significant difference between the control and the 0, 50 and 100 mM NaCl RZS treatments. After 40 d of RZS exposure, whole-plant dry-weight production showed no significant difference between the 0, 50 and 100 mM treatments. Compared with the 0 mM RZS treatment the dry-weight production at 200 mM NaCl was reduced by 78 %. No significant difference occurred between the 200 and 300 mM NaCl treatments. Results of mean leaf dry-weight production and mean leaf area showed similar responses as whole plant dry-weight production (data not shown).
Tap root dry-weight production (Fig. 1B) of the salt-spray treatment showed no difference between the control treatment and the 0, 50 and 100 mM NaCl RZS treatments. The 0, 50 and 100 mM treatments did not differ from the 200 mM NaCl RZS treatment. No difference occurred between the 200 and 300 mM treatments.
As expected, the RGR (Table 2) showed results similar to the whole-plant dry-weight production with no significant difference between the salt spray and the control spray treatments, as well as the 0, 50 and 100 mM RZS treatments. The RGR decreased 41 % between the 0 and 200 mM RZS NaCl treatment. Although the ULR showed a mean increase at moderate salinities and a decrease at the highest salinities, none of these differences was significant. The only difference occurred between the highest value of ULR (salt-spray treatment) and the lowest value (0 mM NaCl RZS treatment), although the difference in ULR between the 100 and 300 mM NaCl RZS was almost significant (P ¼ 0 . 08). The LWF showed no differences between treatments. Of the components of RGR, it was SLA that showed the largest decline for both the salt spray and RZS treatments compared with the controls. The SLA of the 100, 200 and 300 mM NaCl RZS treatments significantly differed from the 0 mM treatment and showed a maximum decline of 44 % with increasing salinity. For leaf succulence the control spray treatment only differed from the 200 mM RZS treatment, although the P-values between the control spray and the salt-spray treatment (P ¼ 0 . 051) and the 100 mM RZS (P ¼ 0 . 054) almost showed significant differences. Within the LDMC only the 300 mM treatment showed an increase, similar to the LWC which was only affected at the 300 mM NaCl RZS level.
Na
+ concentration. The tap root Na + concentration of the saltspray treatment showed no difference as compared with the 50 and 100 mM RZS treatments (Fig. 2) . Also, the Na + concentration of the old leaves of the salt-spray treatment did not differ from that of the 50, 100 and 200 mM RZS treatments. The largest differences in the Na + concentration occurred in the new leaves. The Na + concentration of the new leaves of the salt-spray treatment was lower than that of the RZS treatments. There were no differences in Na + concentrations of the tap root and the old leaves between the RZS treatments. When comparing the Na + concentrations of the new leaves there were no differences between the 50, 100 and 200 mM treatments, but all values differed from the 300 mM treatment. A repeated-measures ANOVA (results not shown in Fig. 2 ) was used to test for differences between the Na + concentration of the old and new leaves. Only the salt spray 0, 50 and 100 mM NaCl RZS treatments showed significantly lower Na + concentrations in the new leaves compared the Na + concentration in the old leaves. The highest Na + concentration occurred in the 300 mM NaCl treatment, reaching a concentration of 4 . 74 mmol g 21 d. wt in the new leaves, representing 11 % of the total dry weight. Chloride concentrations were only determined in the leaf sap (Fig. 3A) . K + , Ca 2+ , Mg 2+ , N and P concentrations, Na + : K + ratio and net K + /Na + selective uptake of the new leaves. The Na
, N and P concentrations were determined for the tap root and old and new leaves. No large differences occurred between these three compartments. Because the mineral or nutrient composition of the actively growing parts is most important, only results of the new leaves are shown (Table 3) . Salt spray showed a negative effect on the K + concentration of the new leaves, but only to a minor extent when compared with the RZS treatments. The effect of salt spray on the Na + , Ca 2+ , Mg
2+
, N and P concentrations, Na + : K + ratio and net K + /Na + selective uptake of the new leaves also appears to be minimal when compared with the RZS treatments. 
Concentrations of K + , Ca 2+ and Mg 2+ were greatly reduced under all RZS treatments. The reductions of the K + and Mg
concentrations were in the order of 50-70 % for the 50, 100 and 200 mM NaCl treatments and 75-85 % for the 300 mM treatment. The reduction in the Ca 2+ concentration was in the order of 60 % for the 50 and the 100 mM NaCl treatments and 80 % for the 200 mM. The increase in the Na + : K + ratio was similar between the 50, 100 and 200 mM NaCl treatments and showed a 400 % increase at 300 mM RZS compared with the 100 mM treatment. The net K + /Na + selectivity increased compared with the 0 mM NaCl treatment, but no differences occurred between the 50, 100, 200 and 300 mM NaCl RZS treatments. The difference in net K + /Na + selectivity between the 50 mM and 200 mM NaCl RZS treatments was almost significant with P ¼ 0 . 051.
No significant difference occurred in the P concentration between RZS treatments with values falling in the range of 0 . 20-0 . 30 mmol g 21 d. wt (data not shown). For the N concentration only the 300 mM NaCl treatment showed a significant reduction with a mean N concentration of 2 . 65 mmol g 21 d. wt, whereas the other treatments were in the range of 3 . 50-4 . 00 mmol N g 21 d. wt (data not shown).
Osmotic potential, leaf sap Na + and Cl 2 , proline and soluble sugars. The osmotic potential of the leaf sap was lowered with increasing RZS. All values of the osmotic potential of the leaf sap were lower than that of the irrigation water (indicated by the horizontal line in the columns in Fig. 3B ).
Between the 100 and 200 mM NaCl RZS treatments the osmotic potential of the irrigation water increased by a factor of 2 . 0 and that of the leaf sap by a factor of 2 . 3. The total NaCl concentration of the leaf sap increased 3 . 1-fold between these two treatments. When comparing the total NaCl concentrations of the leaf sap (Fig. 3A) only the 200 mM differed from the 50 and 100 mM RZS treatments (indicated by the letters above each column). The Cl 2 concentration of the leaf sap was different for the RZS treatments, whereas the Na + concentration between the 50 and 100 mM RZS did not differ (indicated by the letters beside the columns). Ion contribution to plant osmotic potential was 2, 10, 19 and 31 % for chloride and 1, 38, 32 and 39 % for sodium for the 0, 50, 100 and 200 mM NaCl RZS treatments, respectively (calculated according to eqn 11). Salt spray increased the proline concentration (Fig. 4) compared with the control spray and the 0 mM NaCl RZS treatment and was in the range of the proline concentrations of the 50 and 100 mM NaCl treatment. Proline concentrations of the RZS treatments showed a gradual and significant increase. The greatest increase in proline concentration compared with the control was found in the 300 mM NaCl treatment where proline concentrations increased 25-fold compared with the 0 mM NaCl treatment. A linear regression ANOVA showed that proline concentration (in mmol g 21 d. wt) was strongly correlated with RZS concentrations (NaCl in mM) (r ¼ 0 . 95, F ¼ 154 . 4, P , 0 . 001). The soluble sugar concentrations showed a gradual but not significant decrease with increasing salinities with values ranging from 116 to 175 mmol g 21 d. wt (data not shown).
Antioxidant capacity and total phenolics. The mean antioxidant capacity of the leaves of C. maritima increased with increasing RZS compared with the 0 mM NaCl treatment with the exception of the 300 mM NaCl treatment, but no differences occurred amongst the 50, 100, 200 and 300 RZS treatments (Fig. 5A) . The mean antioxidant capacity increased by 68, 77, 61 and 48 % in the 50, 100, 200 and 300 mM NaCl salt treatments compared with the 0 mM NaCl treatment, 
FIG. 3. Osmotic potential and Cl
2 and Na + concentrations in the leaf sap of fresh leaves in 8-week-old Crambe maritima plants with 20 d of salt spray or 40 d of root-zone salinity ranging from 0 to 300 mM NaCl. Plants were grown on gravel culture with hydroponics. Differences between treatments in all NaCl concentrations were evaluated by repeated-measures ANOVA, the rest with one-way ANOVAs. Values are the means of three replicates + s.e. Different letters indicate a significant difference at P , 0 . 05 (Tukey's test). Note that Na + and Cl 2 concentrations combined do not give the total NaCl concentration per plant. respectively. The antioxidant capacity of the salt-spray treatment showed no difference with the control spray treatment or the 0 mM NaCl RZS. No differences were found in the total phenolics concentration between the treatments (Fig. 5B) .
DISCUSSION
The aim of the experiments was to determine the growth response of C. maritima to various levels of airborne and soilborne salinity and the ecophysiological mechanisms underlying these responses. For this, an overview of the overall effects on the measured parameters is given in Fig. 6 . The salt spray-treated plants did not show growth reductions and showed only small physiological changes as compared with the RZS treatment. Because no growth reductions occurred up to 100 mM NaCl RZS only the effects of ≥200 mM RZS are listed in Fig. 6 . The effects of airborne and soil-borne salt treatments are discussed separately.
Effect of salt spray on growth
The salt spray intensities in the experiments represented a moderate intensity (80 mg NaCl dm 22 d 21 during 20 d; salttolerance experiment) and a high intensity (160 mg NaCl dm 22 d 21 during 19 and 45 d; salt-spray experiment) compared with the levels found in the natural habitat of C. maritima (1 -200 mg NaCl dm 22 d 21 (Barbour, 1978; Griffiths, 2006) . The salt-spray experiment demonstrated that high salt-spray intensity applied during 19 or even 45 d did not affect leaf length and total leaf number per plant (Table 1 ). The salt-tolerance experiment showed that dryweight production and RGR were not affected after 20 d exposure to moderate intensity salt spray ( Table 2) . The results even indicated a trend that salt spray might have affected the growth of C. maritima in a positive way, which has been reported for various strandline species by Rozema et al. (1982) . 
Ecophysiological adaptations to salt spray
Salt spray caused only minor physiological responses in the plants as compared with the RZS treatments and the salt-spray tolerance of C. maritima seemed to be based on preventing salt from entering the leaves. Leaves of C. maritima are covered with a thick waxy layer acting as an efficient water-repellent (Scott and Randall, 1976) . Water droplets can roll off the leaves easily, but the salt spray in the present experiment was applied as a fine mist, which remained on the leaves. The salt-spray treatment resulted in lower Na + concentrations in the plants as compared with the RZS treatments. Salt spray resulted in an increase in leaf thickness and leaf succulence (Table 1) , which was comparable with the leaf thickness increase of another member of the Brassicaceae, the highly salt-tolerant Cakile maritima . The overall increase in leaf thickness is a typical response of salttolerant plants to salt spray (Martin and Clements, 1939; Boyce, 1951 Boyce, , 1954 Rozema et al., 1982) and increased leaf thickness or succulence has been interpreted as an adaptation of halophytes in terms of conservation of internal water, efficient water storage and dilution of accumulated salts (Storey and Wyn-Jones, 1979; Flowers et al., 1986; Breckle, 2002; Dimmit et al., 2005; Munns, 2005; Koyro and Lieth, 2008; Munns and Tester, 2008) .
Effect of RZS on growth
Crambe maritima was relatively sensitive to soil-borne salinity above 100 mM NaCl and was only just capable of maintaining growth at salt concentrations of around 200 mM NaCl. Some halophytes show enhanced growth at moderate salinity levels around 50-100 mM NaCl RZS and are able to grow at salinity levels around half-or even full-strength seawater of around 500 mM NaCl (Flowers et al., 1986; Breckle, 2002; Bell and O'Leary, 2003; Koyro and Lieth, 2008) , but C. maritima showed no enhanced growth at moderate salinities and growth was greatly reduced at the 200 mM NaCl level. Although the growth after 40 d of salt exposure did not differ at 300 mM NaCl compared with the 200 mM treatment, there are indications that C. maritima is not able to adapt to this level of salinity. Compared with the 200 mM treatment the mean RGR of the 300 mM treatment was 25 % lower, the leaf succulence started to decrease, the Na + concentration and the Na : K ratio of the new leaves was considerably higher, whereas the net K + /Na + selectivity and the nutrient concentrations of N, K + , Ca 2+ and Mg 2+ showed a sharp decrease.
Ecophysiological adaptations to RZS
Many of the physiological traits measured, proline concentration, Na + concentration and Na + : K + ratio all responded to the RZS treatments but none of these appeared to result in a change in ULR. The reduction in RGR with increasing salinity was mainly caused by a decreasing SLA. All other determined parameters responded to increasing salinity, but it appeared that no single parameter could explain the observed growth reduction between 100 and 200 mM NaCl RZS.
The reduction in RGR with increasing salinity was mainly caused by a decreasing SLA, because decreases in ULR and LMF were only minor and not significant (Table 2 ). In general, variation in RGR is strongly correlated with SLA and can be considered as the prime factor determining interspecific variation in RGR (Lambers and Poorter, 2004) and shoot and leaf morphology are more plastic and more important determinants of leaf assimilation capacities than leaf chemistry and assimilation rates (Niinemets, 1999) . Also, a gradual decrease in SLA with increasing salinity has been reported for Lycopersicon esculentum (Knight et al., 1992) and for Aster tripolium (Shennan et al., 1987) . The inverse of SLA, 1/SLA, is the product of leaf succulence and LDMC (Poorter and Garnier, 2007) and leaf succulence in our RZS experiment showed a maximum increase of 22 % -no effect, minor increase, major increase, minor decrease, major decrease
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Soil-borne salinity:
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The overall effects of airborne and soil-borne salinity on the measured parameters of Crambe maritima. For soil-borne salinity the effects of ≥200 mM NaCl are listed to evaluate the growth reduction observed in the 200 and 300 mM NaCl treatments.
de Vos et al. -Ecophysiological response of Crambe maritima to salinitywith increasing salinity. Since the photosynthetic carbon acquisition by a leaf depends not only on leaf area, but also on leaf thickness (Vile et al., 2005) , an increase in leaf succulence can compensate for the negative effects of salinity on leaf cell metabolism to some extent. This also seems to be true for the 50 and 100 mM NaCl RZS where there was a trend for the reduction in SLA to be compensated by an increase in ULR. However, the increased internal surface for CO 2 absorption does not necessarily lead to higher CO 2 uptake rates because the CO 2 resistance, as well as stomatal resistance, can increase even more with salinity, resulting in a decrease in photosynthesis (Longstretch and Nobel, 1979; Flowers, 1985; Geissler et al., 2009) . Although the SLA showed the greatest reductions with increasing salinity, the SLA of the 200 mM NaCl RZS treatment only showed a minor decrease compared with the 100 mM NaCl RZS treatment, whereas the reduction in RGR showed a major decrease. The ULR changed from 120 % to 94 % (compared with the 0 mM NaCl RZS treatment) for the 100 mM and 200 mM treatments, respectively, so it appears that the observed growth reduction between the 100 mM and the 200 mM NaCl RZS was caused by the combined reduction in SLA and ULR. The SLA and LDMC are considered to reflect a fundamental trade-off in plant functioning between a rapid production of dry weight (high SLA, low LDMC species) and an efficient conservation of nutrients (low SLA, high LDMC species) (Garnier et al., 2001) . In this regard, C. maritima adapted to increased salinity by changing from fast-growth to slowgrowth with conservation of water and nutrients. The ability of controlled uptake, increased extrusion and compartmentalization of Na + is likely to be the primary factor determining salt tolerance of halophytes (Flowers et al., 1977; Zhu, 2001; Munns, 2005; Flowers and Colmer, 2008; Munns and Tester, 2008) . No visible salt glands or bladders were detected on the leaves of C. maritima and no mention of such structures was found in the literature (Scott and Randall, 1976) . Increased root zone salinities resulted in increased Na + concentrations, decreased K + concentrations and increased Na + : K + ratios in C. maritima. The results showed that Na + readily entered the plants at 50 mM NaCl RZS but concentrations up to 200 mM NaCl were comparable with concentrations found in the highly salt-tolerant Brassicaceae species Cakile maritima (Debez et al., 2004; Megdiche et al., 2007) and Thellungiella halophila (Ghars et al., 2008) . So the measured concentration of Na + on the leaf tissue level does not inevitably result in major growth reduction as observed in C. maritima. Possibly, the amount of Na + transported into the vacuoles differed amongst the species. Halophytes must be able to select K + from a medium in the root zone dominated by Na + to maintain adequate K + nutrition or, in other words, to maintain a low Na + : K + ratio in the cytosol (Breckle, 2002; Xiong and Zhu, 2002; Wyn Jones and Gorham, 2002; Flowers and Colmer, 2008) . Dependent on the plant species this ratio can range from 1 to 46 when concentrations of the whole leaf are considered (Flowers et al., 1986; Flowers and Colmer, 2008) , although in the Brassicaceae species Cakile maritima (Debez et al., 2004; Megdiche et al., 2007) and Thellungiella halophila (Ghars et al., 2008) this ratio is around 4 at 200 mM NaCl and around 8 at 500 mM NaCl.
The Na + : K + ratio of C. maritima was about 7 at 200 mM NaCl and a similar ratio resulted in considerable growth reductions in Cakile maritima and Thellungiella halophila. Although this ratio was reached at different salt concentrations for the different species, it does emphasize the importance of a low Na + : K + ratio to maintain high growth rates. Based on these results the growth reduction of C. maritima at 200 mM NaCl seems to be, at least partially, due to an increased Na + : K + ratio. However, it was expected that growth reduction by an increased Na + : K + ratio would result in ionic stress of which the physiological effects would reduce the ULR. The results (Table 2 ) showed no effect on the ULR, making it unlikely that ionic effects caused the observed growth reductions.
It is likely that osmotic effects are not responsible for the observed growth reductions with increasing root zone salinities. Crambe maritima was able to sufficiently lower its osmotic potential with NaCl present in the leaf tissue. All values of the osmotic potential of the leaf sap were lower (more negative) than that of the irrigation water and at the 200 mM NaCl treatment level the leaf sap NaCl concentration accounted for 70 % of the leaf sap osmotic potential. Compatible solutes like proline must accumulate in the cytosol to balance the osmotic pressure and allow turgor maintenance of cells (Yeo, 1983; Zhu, 2001; Breckle, 2002; Wyn Jones and Gorham, 2002; Munns and Tester, 2008) . It is likely that proline is an important solute for C. maritima, but the proline concentration in the present experiment was strongly correlated with the soil-borne NaCl concentration and not to the RGR of C. maritima.
Salinity could also have directly affected nutrient uptake (Grattan and Grieve, 1999; Ullrich, 2002; Xiong and Zhu, 2002; Abdelgadir et al., 2005) . The differences in K + and Mg 2+ concentrations between the 100 and 200 mM NaCl RZS were relatively small, so it is unlikely that nutrient deficiencies were responsible for the observed growth reductions. The decrease in Ca 2+ concentration between the 100 and 200 mM NaCl RZS indicated that the role of Ca 2+ may be important in the salt tolerance in C. maritima.
Salinity can induce oxidative stress by the production of toxic reactive oxygen species (ROS) in plants. Compounds that detoxify ROS, like enzymes, small molecule antioxidants and polyphenols, may have an essential role in adapting plants to salinity stress (Zhu, 2001; Xiong and Zhu, 2002; Ashraf and Harris, 2004; Parida and Das, 2005; Halliwell, 2006; Munns and Tester, 2008) . The present results showed that with increasing salinity there was an increase in TEAC but not in total phenolics (also used as a measurement of oxidative activity). The level of increase of TEAC was similar amongst salt treatments, showing that this reaction was not specific to the actual salt concentration. It is not known if these levels are the maximum that C. maritima can produce or that these levels were sufficient to cope with the potential oxidative stress. Salt-sensitive plant species, like Lactuca sativa, show a decrease in total phenolics and antioxidant capacity with increasing salinity (Chisari et al., 2010) . This will reduce the ability of a plant species to detoxify ROS whereas this detoxification can improve plant salt tolerance (Zhu, 2001) . However, genetic differences in salinity tolerance are not necessarily due to differences in the ability to detoxify ROS (Munns and Tester, 2008) and further work is required to establish the general validity of these protective mechanisms in salinity tolerance (Ashraf and Harris, 2004) .
Suitability as a crop for saline agriculture When C. maritima is grown as an agricultural crop, root cuttings are used as the propagation method and the etiolated sprouts that grow from the root stem form the actual crop (Péron, 1990; Briard et al., 2002) . It is not known if these root cuttings and etiolated sprouts respond in the same way to increased salinity as the seedlings in the present experiment. However, no growth or tap root dry weight reduction occurred up to the 100 mM NaCl RZS level in the present experiment, indicating that C. maritima can be cultivated under this salt concentration without loss in yield. Also, no growth reductions are expected when C. maritima is grown in a salt spray-rich environment.
Conclusions
Based on the growth performance it can be concluded that C. maritima is salt spray tolerant and can endure the salt spray levels which it encounters in its natural habitat. Salt spray caused only minor physiological responses in the plants as compared with the RZS treatments, although leaf thickness and leaf succulence significantly increased with salt spray. Root zone salinities up to 100 mM NaCl did not result in a reduction in growth, but a sharp reduction in growth was observed at 200 mM NaCl. Crambe maritima responded to increasing soil salinity by lowering the RGR. The observed growth reduction at 200 mM NaCl RZS was mainly caused by the reduction in SLA. The lower SLA was caused by increased leaf succulence as well as increased LDMC. All other determined parameters responded to increasing salinity, but it appeared that no single parameter was clearly linked with the observed growth reduction between 100 and 200 mM NaCl RZS.
